We tested the antituberculosis drug SQ109, which is currently in advanced clinical trials for the treatment of drug-susceptible and drug-resistant tuberculosis, for its in vitro activity against the trypanosomatid parasite Trypanosoma cruzi, the causative agent of Chagas disease. SQ109 was found to be a potent inhibitor of the trypomastigote form of the parasite, with a 50% inhibitory concentration (IC 50 ) for cell killing of 50 ؎ 8 nM, but it had little effect (50% effective concentration [EC 50 ], ϳ80 M) in a red blood cell hemolysis assay. It also inhibited extracellular epimastigotes (IC 50 , 4.6 ؎ 1 M) and the clinically relevant intracellular amastigotes (IC 50 , ϳ0.5 to 1 M), with a selectivity index of ϳ10 to 20. SQ109 caused major ultrastructural changes in all three life cycle forms, as observed by light microscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). It rapidly collapsed the inner mitochondrial membrane potential (⌬ m ) in succinate-energized mitochondria, acting in the same manner as the uncoupler FCCP [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone], and it caused the alkalinization of internal acidic compartments, effects that are likely to make major contributions to its mechanism of action. The compound also had activity against squalene synthase, binding to its active site; it inhibited sterol side-chain reduction and, in the amastigote assay, acted synergistically with the antifungal drug posaconazole, with a fractional inhibitory concentration index (FICI) of 0.48, but these effects are unlikely to account for the rapid effects seen on cell morphology and cell killing. SQ109 thus most likely acts, at least in part, by collapsing ⌬/⌬pH, one of the major mechanisms demonstrated previously for its action against Mycobacterium tuberculosis. Overall, the results suggest that SQ109, which is currently in advanced clinical trials for the treatment of drug-susceptible and drug-resistant tuberculosis, may also have potential as a drug lead against Chagas disease.
C
hagas disease is caused by the trypanosomatid parasite Trypanosoma cruzi and affects ϳ8 to 10 million individuals, mostly in Latin America (1) , with the U.S. Centers for Disease Control and Prevention estimating that ϳ300,000 individuals are also infected in the United States (2) . The drugs benznidazole and nifurtimox ( Fig. 1 , compounds 1 and 2, respectively) are used to treat the acute and early chronic forms of the disease, but their efficacies against established chronic infection, the most common presentation of the disease, are lower and variable. Chagas disease is calculated to result in a $7 billion annual global cost and represents the largest parasitic disease burden of the American continents (3) . There is thus interest in developing new therapeutic options. Among these are inhibitors of ergosterol (Fig. 1 , compound 3) biosynthesis. Ergosterol is an essential membrane sterol in yeasts, fungi, and many protozoa, and it is the functional equivalent of cholesterol ( Fig. 1 , compound 4) in humans; antifungal sterol biosynthesis inhibitors (such as posaconazole [Fig. 1, compound 5] ) are also of interest as new anti-T. cruzi drugs, which we discuss in more detail below.
In previous work, we noticed reports (4) (5) (6) that the antiarrhythmic drug amiodarone (Fig. 1, compound 6 ) (used to treat arrhythmias in Chagas disease patients) also had activity against the yeast Saccharomyces cerevisiae and that amiodarone potentiated the effects of azole drugs. This suggested that amiodarone might also inhibit ergosterol (Fig. 1, compound 3 ) biosynthesis in T. cruzi because, at least in yeast, it acted synergistically with azoles (which inhibit lanosterol 14␣-demethylase). This was found to be the case (7) , with amiodarone inhibiting the enzyme oxidosqualene cyclase (lanosterol synthase) in T. cruzi (7) , thereby decreasing ergosterol levels. In addition, it acted synergistically with posaconazole against T. cruzi in vitro and was active in vivo in a mouse model of infection (7) . Similar results were later found with Leishmania spp. (8, 9) , and amiodarone is now used clinically for the treatment of chronic Chagas disease (10) and disseminated cutaneous leishmaniasis (11) , as discussed in a recent review (12) .
Similar results have also been obtained with a newer (and perhaps less toxic) analog of amiodarone, dronedarone (13) (Fig. 1 , compound 7). What is interesting about amiodarone and dronedarone is that they also release Ca 2ϩ from intracellular stores in both T. cruzi and Leishmania amazonensis, an activity probably related to the fact that these compounds are uncouplers (14) (15) (16) , lipophilic bases that can transport H ϩ . In this work, we investigated another lipophilic base, SQ109 (17) (18) (19) (20) (21) , an ethylene diamine containing N-geranyl and N-adamantyl groups (Fig. 1, compound 8 ). SQ109 is currently in phase II clinical trials for the treatment of drug-sensitive and drug-resistant tuberculosis (18) (19) (20) . One major mode of action for SQ109 in Mycobacterium tuberculosis has been proposed (21) to be its inhibition of MmpL3 (mycobacterial membrane protein large 3), a trehalose monomycolate transporter that is used in cell wall biosynthesis in M. tuberculosis. Our interest in SQ109 arose since, in addition to inhibiting M. tuberculosis cell growth, it inhibits the growth of other bacteria, such as Helicobacter pylori (22) , Clostridium difficile (18) , Enterococcus spp. (18) , Haemophilus influenzae (18) , Neisseria gonorrhoeae (18) , and Streptococcus pneumoniae (18) ; the fungi Candida albicans (23) , Aspergillus fumigatus (18) , and Cryptococcus neoformans (18) ; and the malaria parasite Plasmodium falciparum (24) . Since none of these bacteria, fungi, or the malaria parasite contain bioinformatically identifiable mmpL3 orthologs, there must be an alternative site (or sites) of action in these organisms, and in recent work (24), we found that SQ109 can inhibit enzymes involved in quinone biosynthesis (MenA and MenG). In addition, it acts as an uncoupler, collapsing pH gradients (⌬pH) and membrane potentials (⌬) in bacterial systems (24) , thereby reducing ATP synthesis. In unrelated work, we also reported (25) that SQ109 was an inhibitor of dehydrosqualene synthase (from Staphylococcus aureus), a protein whose three-dimensional structure (26) and mechanism of action (27) are very similar to those of squalene synthase (SQS) (28) , which catalyzes the first step of sterol biosynthesis in eukaryotes, such as T. cruzi, suggesting that SQ109 might also inhibit SQS.
Here, we report the antiproliferative and ultrastructural effects of SQ109 against the three life cycle stages of T. cruzi, i.e., trypomastigotes, epimastigotes, and amastigotes; its synergistic interaction with posaconazole; its uncoupling activity on T. cruzi mitochondria; its alkalinizing effects on acidic compartments; its effects on sterol biosynthesis; and the X-ray structures of SQ109 bound to T. cruzi and human squalene synthase.
MATERIALS AND METHODS
Parasites and host cell culture. In most cases, the assays were performed using T. cruzi epimastigotes, trypomastigotes, or intracellular amastigotes of the Y strain (TcII) (29) . The T. cruzi trypomastigotes were obtained from the supernatants of previously infected LLC-MK 2 cells (ATCC [American Type Culture Collection], Rockville, MD) cultured in RPMI 1640 medium with garamycin (Gibco, Grand Island, NY) and 10% fetal bovine serum (FBS) (Cultilab, São Paulo, Brazil) at 37°C in a 5% CO 2 atmosphere. Subconfluent cultures of LLC-MK 2 cells were infected with 5 ϫ 10 6 trypomastigotes. Extracellular parasites were removed after 2 h, the cells were washed, and the cultures were maintained in RPMI 1640 medium containing 10% FBS until trypomastigotes emerged from the infected cells (usually after 120 h). The epimastigotes were cultivated in liver infusion broth-tryptose (LIT) medium supplemented with 10% FBS (30) and were collected by centrifugation at 350 ϫ g after 96 h of cultivation.
Drug solutions. Stock solutions of SQ109 and analogs (0.01 mM) were prepared in dimethyl sulfoxide (DMSO) (Merck, Darmstadt, Germany), with the final concentration of DMSO in the experiments never being Ͼ0.05%.
Effects of SQ109 and analogs on LLC-MK 2 cells. The LLC-MK 2 cells were treated with SQ109 (2.5 to 20 M) and incubated for 96 h at 37°C. Fresh RPMI 1640 medium containing only 10% FBS was added to the untreated samples as a control. To determine toxicity, the MTS/PMS [3-(4,5-dimethyl-2-thiazolyl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt/5-methylphenazinium methyl sulfate] assay was performed as described by Henriques et al. (31) . The selectivity index of SQ109 was determined based on its activities against the trypomastigote and intracellular amastigote forms of T. cruzi, calculated as the ratio of the 50% cytotoxic concentration (CC 50 ) of mammalian cells to the 50% inhibitory concentration (IC 50 ) or 50% lysing concentration (LC 50 ) of T. cruzi. All experiments were performed in duplicate. The means were determined from Ն3 experiments.
Antitrypanosomal activity. The trypomastigotes were obtained from the supernatant of a previously infected cell line (LLC-MK 2 ). Between 5 and 7 days after infection, protozoa were collected from the supernatants of the infected LLC-MK 2 cells and were then incubated with fresh RPMI 1640 medium supplemented with 0.5% FBS, with or without SQ109 (0.05 to 5 M), for 24 h at 37°C under a 5% CO 2 atmosphere. The concentration of SQ109 at which 50% of the parasites were lysed (LC 50 ) was calcu- For the antiproliferative assay involving epimastigotes, 10 6 parasites/ml were cultivated in LIT medium supplemented with 10% FBS. After 24 h of epimastigote growth, concentrations of 0.5 to 10 M SQ109 (or analogues) were added to the culture and incubated for 120 h at 28°C. Cells were collected every 24 h for counting in a Neubauer chamber. Two controls were used and consisted of liver infusion broth-tryptose (LIT) supplemented with 10% FBS and LIT plus 0.05% DMSO. The cells were allowed to adhere to the coverslips with 0.1 mg/ml poly-L-lysine, fixed with Bouin's solution, and stained with Giemsa for morphological analysis using a Zeiss Axioplan 2 light microscope (Oberkochen, Germany) equipped with a Color View XS digital video camera.
To investigate the effect of SQ109 on amastigotes, LLC-MK 2 cells were incubated for 2 h with T. cruzi trypomastigotes at a ratio of 10 parasites to 1 cell. The noninternalized parasites were removed by washing, and the host cells were incubated for 24 h at 37°C to allow full internalization and differentiation of trypomastigotes to amastigotes. Fresh 10% FBS-RPMI 1640 medium alone (control) or containing the inhibitors (0.5 to 6 M) was added to the infected cells, which were then incubated for 96 h at 37°C. The infected cultures were fixed in Bouin's solution and stained with Giemsa. The number of parasites was determined using a Zeiss Axioplan (Jena, Germany) light microscope equipped with a 100ϫ lens. The antiproliferative assay was performed as described by Veiga-Santos et al. (32) .
The infection index (i.e., the percentage of infected host cells multiplied by the average number of intracellular amastigotes per infected host cell) was determined by counting a total of 500 host cells.
Inhibitor activity was calculated using the SigmaPlot (version 10) program (Systat Software, Inc., San Jose, CA, USA). The results are expressed as the mean values from three independent experiments.
We also carried out an additional set of amastigote assays using the T.
cruzi CL strain overexpressing a tdTomato red fluorescent protein, performed basically as described earlier (33) . To evaluate antiproliferative synergism against intracellular amastigotes, fractional inhibitory concentration indices (FICIs) were calculated as described by Hallander et al. (34) . An isobologram was constructed by plotting the concentrations of the drugs that alone or in combination induced an IC 50 of that of intracellular amastigotes, as described above.
To compare the control and treated groups between all assays, paired t tests were applied using a 95% confidence interval (GraphPad Prism version 5.00 for Windows; GraphPad Software, Inc., San Diego, CA).
Scanning electron microscopy. T. cruzi epimastigotes were treated with 4.6 M SQ109 and incubated for 24 and 48 h at 28°C. The trypomastigotes were treated with 75 nM SQ109 and incubated for 6 and 12 h at 37°C. The samples were subsequently fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 1 h, washed, and adhered to a specimen support coated with poly-L-lysine. The cells were then postfixed in 1% OsO 4 and 0.8% potassium ferrocyanide in 0.1 M sodium cacodylate buffer (pH 7.2) at room temperature for 20 min, washed, dehydrated in ethanol, and critical-point dried in CO 2 . In addition, the samples were ion sputtered with a chrome layer using a Leica EM SCD500 (Leica Microsystems, Nussloch, Germany) high-vacuum sputter coater and observed under a Quanta X50 scanning electron microscope. Images were obtained and processed using xTm version 4.1.
(FEI Company).
Transmission electron microscopy. For transmission electron microscopy (TEM), T. cruzi epimastigotes were treated with SQ109 (4.6 M) and were incubated for 24 and 48 h at 28°C. The trypomastigotes were incubated with 75 nM drug for 24 h. LLC-MK 2 host cells infected with T. cruzi trypomastigotes were treated with 1.5 M SQ109 and incubated for 96 h at 37°C. After the experimental procedure, the samples were processed as described by de Macedo-Silva et al. (9) . Ultrathin sections were stained with uranyl acetate and lead citrate and were observed with a Jeol JEM-1200EX (Jeol, Akishima, Japan) transmission electron microscope operating at 80 kV.
Hemolysis assay. The hemolytic activity of SQ109 was evaluated as described by Veiga-Santos et al. (35) . A 4% suspension of fresh defibrinated human blood was prepared in a sterile 5% glucose solution and treated with SQ109 (10 to 80 M) for 24 h at 37°C. Next, the cells were centrifuged at 250 ϫ g for 5 min. The supernatant absorbance at 540 nm was calculated to determine the percent hemolysis. Amphotericin B (Cristália, São Paulo, Brazil) was used as the hemolytic reference drug, and Triton X-100 (Vetec, Rio de Janeiro, Brazil) was used as the positive control. Each experiment was conducted in duplicate and repeated Ն3 times.
Analysis of mitochondrial membrane potential. We spectrofluorometrically monitored the mitochondrial membrane potential using safranine as the probe (36, 37) . T. cruzi epimastigotes (10 8 cells) were added to 2.4 ml of buffer containing 2 mM succinate and 5 M safranine, and the reaction was initiated with or without 60 M digitonin and with or without the additives shown in Fig. 2 . The incubations were conducted at 28°C. Fluorescence changes were monitored using a Hitachi 4500 spectrofluorometer (excitation wavelength, 496 nm; emission wavelength, 586 nm).
Sterol biosynthesis inhibition. T. cruzi epimastigotes (Y strain) were grown for 96 h at 28°C in LIT medium supplemented with 10% heatinactivated fetal bovine serum in the absence or presence of 6 M SQ109. The cells from the cultures were washed with buffer A with glucose (116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO 4 , 5.5 mM D-glucose, and 50 mM HEPES [pH 7.0]) and pelleted, and chloroform-methanol (2:1 [vol/vol]) was added (ϳ30 ml of solvent per g of cells [wet weight]), followed by vigorous stirring and overnight incubation at 4°C. The extract was then filtered using Whatman no. 2 paper, and the filtrate (a single phase) was dried under nitrogen. The extract was reextracted using chloroformmethanol (9:1 [vol/vol]) and dried under nitrogen. The extracted lipids were saponified with 5 ml of ethanolic-potassium hydroxide (5 g of KOH, 7 ml of water, 14 ml of ethanol) for 1 h at 80°C. After cooling, 2.5 ml of water and 1.5 ml of hexane were added and the phases allowed to separate. The aqueous phase was then reextracted twice with hexane. The hexane extracts were dried under nitrogen, dissolved in chloroform, and converted to the trimethylsilyl derivatives by using bis-trimethylsilyl acetamide. Both the standards and samples (1 l) were injected in split mode (10:1) on a gas chromatography-mass spectrometry (GC/MS) system, which consisted of an Agilent 6890 (Agilent, Inc., Palo Alto, CA, USA) gas chromatograph, an Agilent 5973 mass selective detector, and an HP 7683B autosampler. The samples were analyzed on a 30-m DB5 column with a 0.32-mm inside diameter (i.d.) and 0.25-m film thickness, with an injection port temperature of 300°C, interface set to 300°C, ion source adjusted to 230°C, and MS quadrupole at 150°C. The helium carrier gas was set at a constant flow rate of 2.7 ml min Ϫ1 . The temperature program was 2 min at 250°C, followed by an oven temperature increase of 25°C min Ϫ1 to 320°C for 10 min. The mass spectrometer was operated in positive electron impact (EI) mode at a 69.9 eV ionization energy in the m/z 50 to 800 scan range. The spectra of all chromatogram peaks were analyzed using the HP ChemStation (Agilent) program. The identifications and quantifications were performed using the mass spectra obtained from authentic standards and with NIST08 and W8N08 libraries (John Wiley & Sons, Inc., USA).
Synthetic aspects. SQ109 and its analogs were from the batches whose syntheses and characterization were described previously (24) .
Expression and purification of T. cruzi squalene synthase. T. cruzi squalene synthase (TcSQS) expression was induced with 0.8 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) at 25°C for 18 h and human SQS (HsSQS) with 1.0 mM IPTG at 37°C for 6 h. The cell pastes were harvested by centrifugation at 4,000 ϫ g for 15 min and resuspended in lysis buffer containing 25 mM Tris-HCl (pH 7.5), 20 mM imidazole, and 150 mM NaCl. Cell lysate was prepared with a French pressure cell press (AIM-AMINCO Spectronic Instruments) and then centrifuged at 17,000 ϫ g for 30 min to remove the cell debris. The cell extract was loaded onto a lysis buffer-equilibrated nickel-nitrilotriacetic acid (Ni-NTA) column, followed by washing with 20 mM imidazole-containing buffer. The Histagged enzyme was then eluted with an imidazole gradient (from 20 to 250 mM), dialyzed twice against 5 liters of 25 mM Tris-HCl (pH 7.5), and loaded onto a 20-ml DEAE Sepharose Fast Flow column (GE Healthcare Life Sciences). The buffer and gradient were 25 mM Tris (pH 7.5) and 0 to 500 mM NaCl. The purities of the recombinant proteins (Ͼ95%) were checked by SDS-PAGE analysis.
Crystallization, data collection, and structure determination of TcSQS and HsSQS. We used the hanging-drop vapor diffusion method at room temperature for crystallization. In general, 2 l of TcSQS protein solution (8 . Prior to data collection at 100 K, the crystals were mounted in a cryoloop and flash-frozen in liquid nitrogen with 0.3 M sodium citrate (pH 8.2), 30% PEG 3350, and 2% glycerol as a cryoprotectant. The diffraction data were collected at beamline BL13A1 of the National Synchrotron Radiation Research Center (NSRRC) (Hsinchu, Taiwan) and processed using the HKL-2000 program. Prior to structural refinements, 5% randomly selected reflections were set aside for calculating R free . The crystal structures of TcSQS and HsSQS were solved by using the molecular replacement method with the CNS program (38) . The previously determined TcSQS-FSPP (PDB ID 3WCA) and HsSQS-FSPP (PDB ID 3WC9) structures were used as the search models. The TcSQS crystal belongs to the P2 1 2 1 2 1 space group and contains four protein molecules in an asymmetric unit. The HsSQS crystal belongs to the P2 1 space group and contains six protein molecules in an asymmetric unit. The subsequent incorporation of FSPP, SQ109, and water molecules was at the 1.0 map level. All structural refinements were carried out using the CNS (38) and Coot (39) programs. The data collection and structure refinement statistics are summarized in Table S1 in the supplemental material. All of the structural diagrams were drawn using the PyMOL software (40) .
Data deposition. The crystallography, atomic coordinates, and structural factors of SQ109 have been deposited in the Protein Data Bank (www .pdb.org) under IDs 3WSB and 3WSA.
RESULTS AND DISCUSSION
SQ109 rapidly kills trypomastigotes but does not lyse red blood cells. We first investigated whether SQ109 had any effect on survival of the infective nonproliferative trypomastigote stage of the T. cruzi life cycle, which is of potential interest in the context of the development of blood-sterilizing agents in areas with a high prevalence of Chagas disease, as well as for the treatment of both acute and chronic T. cruzi infections. We obtained trypomastigotes from the first-burst release of T. cruzi-infected LLC-MK 2 cells and incubated them with SQ109 for 24 h at 37°C (Fig. 3) . As can be seen in Fig. 3A , parasite survival was greatly decreased in the presence of SQ109, with an IC 50 of 50 Ϯ 8 nM. For comparison, crystal violet (previously used in some areas as a blood-sterilizing agent) had an IC 50 of ϳ12 M in this assay, while benznidazole (the drug used to treat acute infections) is essentially inactive under the same conditions (IC 50 , Ͼ400 M). SQ109 had little effect on red blood cell hemolysis (Fig. 3B) , for which the 50% effective concentration (EC 50 ) was Ͼ80 M, leading to a selectivity index (EC 50 of red cells/IC 50 of T. cruzi trypomastigotes) of Ͼ1,600.
Scanning electron microscopy (SEM) of drug-treated trypomastigotes revealed the formation and release to the extracellular medium of vesicles (Fig. 4) . Only a few vesicles were seen after a 6-h incubation with 75 nM SQ109, and most were associated with the cell surface of the parasite (Fig. 4A and B) . However, after a 12-h treatment, the trypomastigotes displayed a very large number of vesicles having diameters of ϳ0.5 nm (Fig. 4C and D) , indicating that incubation with SQ109 leads to cell lysis.
We also studied drug-treated trypomastigotes by using transmission electron microscopy (TEM) (Fig. 5) . The untreated parasites exhibited a characteristic ultrastructure with normal flagellum and kinetoplast organization (Fig. 5A) . Incubation with 75 nM SQ109 for 12 h caused an intense alteration of the kinetoplast organization ( Fig. 5B and C) , as well as release to the extracellular D) show torsion of the cell body, the appearance of a large number of vesicles associated with the plasma membrane (arrows), and wrinkling of the parasite's surface. Scale bars ϭ 2.5 m. The observation of deranged morphologies at 6 to 12 h suggests that the depletion of sterols (which requires multiple cell divisions, and these cells are not dividing) is not involved. medium of membranous material ( Fig. 5C and D) resembling a membrane-shedding process. Such fast and potent activity suggests that the primary mechanism of action against this stage of the parasite may not be due to the inhibition of sterol biosynthesis, because in these nonproliferating cells, the sterol turnover rate is expected to be extremely low (several days). Likewise, it seems unlikely that the inhibition of quinone biosynthesis is involved (again because of the times needed to deplete quinone pools), suggesting, as with bacteria (24) , that one mode of SQ109 action in trypomastigotes may be as an uncoupler, collapsing the inner mitochondrial membrane potential (and ⌬pH), as reported elsewhere for dronedarone and amiodarone (12, 13) against T. cruzi and L. amazonensis. We examined this possibility and report the results below.
Effects of SQ109 on epimastigotes. We next investigated the effects of SQ109 and the three analogs 9 to 11 (24) (Fig. 6 ) on the growth of T. cruzi epimastigotes (equivalent to the proliferative stages present in the hindgut of the insect vectors) grown axenically in LIT medium.
A representative set of cell proliferation curves as a function of time in the presence of various concentrations of SQ109 (500 nM to 10 M) is shown in Fig. 7A , which yields an IC 50 of 4.6 Ϯ 1 M. The IC 50 s for the three other compounds tested were similar (compound 9, 6.9 M; compound 10, 9.3 M; compound 11, 6.1 M; data not shown). We investigated these three compounds since they have been reported to have activities against both M. tuberculosis and the malaria parasite P. falciparum, with compound 10 being 5ϫ more active than was SQ109 against M. tuberculosis; however, with T. cruzi, all three compounds were slightly less active than was SQ109. As can be seen in the photomicrographs (obtained by using a light microscope) in Fig. 7B to D, treatment with 4.6 M SQ109 (IC 50 ) resulted in the rounding of many parasites, just as was observed with amiodarone treatment of T. cruzi (32) . This can be seen even more clearly in the scanning electron microscopy (SEM) results shown in Fig. 7E to H, in which rounding of the cell body in the treated epimastigotes, as well as the appearance of large depressions (Fig. 7F to H) , is apparent.
Thin sections of treated epimastigotes observed by transmission electron microscopy (TEM) also showed drastic changes in the Golgi complex cisternae, the appearance of mitochondrial swelling, the formation of myelin-like figures, and cytoplasmic vesiculation (see Fig. S1 and S2 in the supplemental material).
Effects of SQ109 on intracellular amastigotes, and synergy with posaconazole. We next tested SQ109 (and the three analogs) against the proliferation of T. cruzi (Y strain) intracellular amastigotes in cultured murine peritoneal macrophages in a 96-hour assay. The typical dose-response results (for SQ109) are shown in Fig. 8A , from which we deduce an IC 50 of 1.2 Ϯ 0.4 M. For the analogs, the IC 50 s were 1.6 M for compound 9, 1.9 M for compound 10, and 1.7 M for compound 11 (data not shown). In a second series of experiments with SQ109 against the CL strain, we found an IC 50 of 520 Ϯ 70 nM under conditions for which the IC 50 for benznidazole was 1.3 Ϯ 0.5 M (n ϭ 3). As can be seen from the isobologram shown in Fig. 8B , SQ109 acts synergistically with posaconazole against amastigotes, with a fractional inhibitory concentration index (FICI) of 0.48. In comparison, the FICI for the amiodarone-posaconazole combination reported previously is slightly better, at 0.42 (7), but any FICI of Ͻ0.5 is regarded as demonstrating synergy. However, as can be seen in Fig. 8C , there is some host cell toxicity with SQ109 alone (CC 50 , Ϸ9 Ϯ 2.5 M), although, as noted, SQ109 is already in phase II clinical trials for tuberculosis.
We also observed the effects of SQ109 on intracellular amastigotes by TEM (Fig. 9) . The untreated parasites exhibited a characteristic ultrastructure with a normal flagellar pocket, kinetoplast organization, nucleus, and Golgi complex (Fig. 9A) . The incubation of intracellular amastigotes with 1.5 M SQ109 for 96 h caused alterations in the Golgi complex cisternae, extreme accumulation of vesicles in the cytoplasm of the parasite, and the formation of structures similar to autophagosomes (Fig. 9B and C) . The cells treated for 96 h with the combination of posaconazole (0.25 nM) plus SQ109 (0.4 M), concentrations that were chosen because they correspond to those at which the two compounds given together had synergistic effects in vitro (Fig. 8B) , showed extreme mitochondrial swelling, as well as the formation of numerous vesicles in the flagellar pocket (Fig. 9D) . These vesicles resemble those previously described in amastigotes treated with 1 nM posaconazole for 96 h (32) .
SQ109 collapses the inner mitochondrial membrane potential in T. cruzi and releases H
؉ from intracellular acidic compartments. Since the effects of SQ109 on cell activity/growth/ultrastructure were quite rapid, this seemed to rule out the possibility that the inhibition of, e.g., quinone or sterol biosynthesis was a primary mechanism of action (and there is no mmpL3 in T. cruzi), so we next tested whether SQ109 had effects on the proton motive force (more specifically, the inner mitochondrial membrane potential [⌬ m ]) using the safranine method (36, 37) with epimastigotes. Figure 2A shows that addition of 10 M SQ109 decreased the ⌬ m , which was further reduced by addition of the protonophore uncoupler FCCP [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone] at 8 M. Figure 2B shows that the T. cruzi mitochondria were able to phosphorylate ADP, as demonstrated by the small decrease in the ⌬ m after its addition. This activity was inhibited by the ATP synthase inhibitor oligomycin (2 g/ml). In addition, the mitochondria were able to transport Ca 2ϩ , as shown by the decrease in the ⌬ m after the addition of CaCl 2 , and the ⌬ m returned to basal levels after the addition of the Ca 2ϩ -chelator EGTA. The further addition of SQ109, followed by FCCP, collapsed the ⌬ m . Figure 2C and D show that SQ109 collapsed the ⌬ m in a dose-dependent manner, and SQ109 alone (in the absence of digitonin; Fig. 2A, top trace) or solvent (0.2% DMSO) alone had no effect. These results show that mitochondria in permeabilized T. cruzi epimastigotes are able to develop an inner mitochondrial membrane potential, phosphorylate ATP (as shown by the transient collapse in the ⌬ m by ADP), and transport Ca 2ϩ and that SQ109 collapses the ⌬ m in a dose-dependent manner. These effects on the proton motive force are very rapid, as expected, are very similar to those observed previously for SQ109 in bacterial systems (23, 24) , and are likely to make a significant contribution to the inhibition of cell growth.
In addition to collapsing the ⌬ m in succinate-energized mitochondria, SQ109 released H ϩ from intracellular compartments in the same manner as that observed previously with another lipophilic base, amiodarone, acting on Leishmania mexicana promastigotes (8) . As shown in Fig. S3 in the supplemental material, SQ109 (10 M) caused a rapid (ϳ200 to 300 s) release of the fluorescent indicator acridine orange from intracellular compartments, an effect that was enhanced upon the addition of the antiporter nigericin. Similar effects are seen with the reverse addition (nigericin, and then SQ109), just as with dronedarone/amioda- , which were seen also in some cells at shorter times. Scale bars ϭ 2.5 m (E to H). As with trypomastigotes, the observation of major changes in cell morphology within a short time span (24 h) suggests that the inhibition of enzymes involved in sterol biosynthesis may not be involved.
rone and nigericin in L. mexicana (8) . These results indicate, therefore, that there is a release of H ϩ from acidic compartments (e.g., acidocalcisomes and reservosomes) in T. cruzi, in addition to the effects on succinate-energized mitochondria. Overall, these results show that the ⌬ m in T. cruzi mitochondria is collapsed by SQ109, that H ϩ is released from intracellular compartments, and that both effects occur rapidly (within a few minutes), effects that are expected to contribute to cell death.
Structure of SQ109 bound to squalene synthase. As noted above, SQ109 acts as an uncoupler, in addition to releasing H ϩ from intracellular compartments such as acidocalcisomes. These effects are also seen with the lipophilic bases amiodarone and dronedarone (compound 7) (7), and with these two compounds, sterol biosynthesis is also inhibited. In addition, in previous work, we found that SQ109 was an inhibitor of the bacterial enzyme dehydrosqualene synthase, a squalene synthase homolog (26, 27) , and we reported (25) two X-ray crystallographic structures of SQ109 bound to S. aureus dehydrosqualene synthase (SaCrtM; PDB IDs 4EA1 and 4EA2). We also found that SQ109 was a modest (IC 50 , ϳ100 M) inhibitor of T. cruzi squalene synthase (25) , whose structure we recently reported (33) . Since SQS inhibition is of interest as a T. cruzi drug target, we next sought to determine how it binds, since clearly, as with amiodarone, targeting both sterol biosynthesis and the proton motive force (PMF) should lead to a potent inhibition of cell growth. We used the recombinant protein construct described previously (41) and crystal- lized TcSQS in the presence of the farnesyl diphosphate (FPP) substrate analog FSPP (farnesyl-S-thiolodiphosphate), and then we soaked the crystals in an SQ109 cryoprotectant solution. In addition, we obtained the structure of human SQS (HsSQS) complexed with SQ109, this time by cocrystallization. Full data acquisition and refinement details are given in Table  S1 in the supplemental material. The electron densities can be found in Fig. S4 in the supplemental material.
In Fig. 10A , we show a stereo view of the TcSQS ϩ SQ109 ϩ FSPP complex, and in Fig. 10B , we show a magnified view of the active site region with the bound ligands (SQ109 and FSPP). The TcSQS structure is similar to those reported for HsSQS and SaCrtM, and, as expected, TcSQS contains two farnesyl diphosphate (FPP) binding sites, S1 and S2. S1 is the allylic diphosphate-binding site in which FPP ionizes to form a farnesyl cation-diphosphate-Mg 2ϩ species. This species then undergoes nucleophilic attack from the double bond in the FPP in the second site, S2, to generate (after rearrangement) presqualene diphosphate. As can be seen in Fig. 10A and B, SQ109 occupies both the S1 and the top part of the S2 site, perhaps mimicking a carbocation transition state/reactive intermediate, while the FPP analog FSPP occupies the bottom part of the S2 site and is tilted away at the top of the site. In the HsSQS ϩ SQ109 structure (the active site shown in Fig. 10C ), SQ109 binds in an essentially flippedaround manner to that seen with the TcSQS structure. It remains to be determined whether potent and selective TcSQS inhibitors can be developed based on these structures, but they do provide a starting point.
Effects of SQ109 on sterol biosynthesis in T. cruzi. We next sought to see if there were any significant effects of SQ109 on sterol biosynthesis, because, at least in amastigotes, there was synergy with the azole posaconazole, although clearly this synergy might also arise from effects on Ca 2ϩ homeostasis (which is also seen with posaconazole [7] ), or both effects might indeed be important. In untreated epimastigotes (see Fig. S5A in the supplemental material) we found that the major sterols (Fig. 11 , compounds 13 and 14) had reduced side chains (compound 13, ergosta-5,7-dien-3-␤-ol, and compound 14, 24-ethyl-cholesta-5,7-diene-3␤-ol). Upon treatment with SQ109, three new species (compounds 15, 16, and 17) appeared: 24-methyl-cholesta-5,7,24-trien-3␤-ol, 24-ethyl-cholesta-5,8,22-trien-3␤-ol, and 24-ethyl-cholestadiene-5,8,24-trien-3␤-ol (see Fig. S5B in the supplemental material). All have side-chain unsaturation that was not seen in the absence of SQ109, with compound 13 being the reduced form of compound 15 and compound 14 the reduced form of compound 17, suggesting that SQ109 may inhibit an NADPH-dependent reductase. Taken together with those of the previous section, these results are consistent with the observation that there are synergistic interactions between SQ109 and posaconazole, since both affect sterol biosynthesis and they can both affect cation homeostasis. There was, however, no decrease in the total endogenous sterol pool with SQ109, ruling out oxidosqualene cyclase and squalene synthase as primary targets, since their inhibition would block the formation of compounds 15 to 17.
The SQ109 mechanism of action. Answering the question "what is the mechanism of action of SQ109 against T. cruzi?" is clearly challenging, since we have data on three distinct life cycle forms of the parasite, the clinically relevant trypomastigotes and amastigotes, as well as the extracellular/insect form epimastigotes, to consider.
It is certainly theoretically possible that there are completely different mechanisms of action in each cell type. Alternatively, there might be very similar mechanisms of action, and we propose here that one major mechanism of action involves SQ109 acting as an uncoupler. SQ109 has been shown to act as an uncoupler in bacteria (24) , and the same effect is seen here with epimastigotes, in which SQ109 collapses the inner mitochondrial membrane potential (⌬ m ) in addition to releasing H ϩ from intracellular acidic compartments, such as the acidocalcisomes. These effects occur on a very rapid time scale and are consistent with the deranged morphologies of trypomastigotes (at 6 to 12 h) and epimastigotes (at 12 to 24 h). We also find that SQ109 synergizes with posaconazole (in amastigotes). This might arise from both compounds targeting sterol biosynthesis, ion channels/uncoupling, both processes, or an as yet unidentified target(s). The effects on ⌬ m /⌬H ϩ are a likely mechanism, since as we show here and elsewhere, SQ109 is an uncoupler (24) ; plus, as shown elsewhere, posaconazole, in addition to its effects on sterol biosynthesis, acts to increase intracellular Ca 2ϩ (Ca i 2ϩ ) (in epimastigotes). The synergistic effects seen here are very reminiscent of those found with the combination amiodarone plus posaconazole, in which amiodarone affects both Ca i 2ϩ and sterol biosynthesis, as does posaconazole (7). However, in that case, amiodarone inhibits sterol biosynthesis at the level of oxidosqualene cyclase, while the effects of SQ109 on sterol biosynthesis are more downstream and there is no block of endogenous sterol biosynthesis. Moreover, the rapid (Ͻ24-h) onset of growth arrest by SQ109 appears incompatible with the notion that its primary mechanism of action is the blockade of de novo synthesis of 24-alkyl sterols, since the results of many studies indicate that the full proliferation arrest is associated only with the complete disappearance of mature (24-alkyl and 14-desmethyl) endogenous sterols. This means that for T. cruzi, whose generation time is 24 to 30 h, complete growth inhibition is observed only after 72 to 120 h of drug exposure, while for Leishmania spp., for which the generation time is 12 to 18 h, complete growth arrest in the presence of optimal drug concentration is seen at 36 to 72 h (33, (42) (43) (44) (45) (46) (47) (48) (49) (50) . For the same reason, T. cruzi trypomastigotes, which are nonproliferative cells, are refractory to bona fide ergosterol biosynthesis inhibitors such as ketoconazole, posaconazole, terbinafine, azasterols, and aryl-quinuclidines in the nanomolar range of concentrations at which they are active against epimastigotes and intracellular amastigotes. That is not what is seen with SQ109, for which there is potent (50 nM) activity at short (6-h) time periods.
Potential clinical relevance. The results described above are of interest, since we find that the tuberculosis drug SQ109 is active against all three life cycle stages of the trypanosomatid parasite T. cruzi, the causative agent of Chagas disease. The most potent activity is found against the highly infective trypomastigote form, for which the IC 50 is ϳ50 nM. This result is of potential importance in the context of the sterilization of blood (for transfusions), given that there is very little effect on red cell hemolysis (EC 50 , Ͼ80 M, http://aac.asm.org/ selectivity index, Ͼ1,600). Activity is lower against extracellular epimastigotes (IC 50 , ϳ5 M) but better against the clinically relevant intracellular amastigote forms (IC 50 , ϳ0.5 to 1 M, depending on the strain). The IC 50 s obtained against the clinically relevant trypomastigotes (ϳ16.5 ng/ml) and intracellular amastigotes (ϳ0.33 g/ml) are 50-and 2.5-fold lower than the MIC against drug-resistant M. tuberculosis (18) .
Importantly, the IC 50 s against both vertebrate stages (trypomastigotes and amastigotes) fall in the range of the plasma and internal organ levels of SQ109 found in humans receiving welltolerated doses of the drug. In preclinical studies, it has been shown that although SQ109 has a limited oral bioavailability, probably due to its highly lipophilic character, it strongly concentrates in mouse internal extravascular organs, such as the lung, spleen, liver, and heart, in which the tissue levels are 15-to Ͼ45-fold higher than those in plasma (51) . In humans, the drug has a large volume of distribution and a long terminal half-life (61.1 h for a 300-mg oral dose) (18) , two important pharmacokinetic parameters that in previous work have been linked to the remarkable in vivo anti-T. cruzi activities of sterol biosynthesis inhibitors, such as posaconazole (52, 53) . Based on these results, it can be inferred that the plasma and expected internal organ levels of SQ109 in humans receiving well-tolerated doses (300 mg/day) of SQ109 (18) fall in the range of the IC 50 s found here against T. cruzi trypomastigotes and intracellular amastigotes, making SQ109, which is currently in advanced clinical trials for tuberculosis, of interest in the context of the development of drugs (either in monotherapy, or in combination therapies) for the etiological treatment of Chagas disease. Further work on animal models is in progress.
